Mapping of Reset of Anatomic and Functional Reentry in Anisotropic Rabbit Ventricular Myocardium
Lucas Boersma, MD; Josep Brugada, MD; Charles Kirchhof, MD; Maurits Allessie, MD Background Premature stimulation is used to characterize the reentrant circuit during ventricular tachycardia (VT) in patients. The goal of this study was to compare the effects of premature stimulation on functional and anatomic reentrant VT.
Methods and Results In 18 Langendorff-perfused rabbit hearts, thin layers of anisotropic left ventricular subepicardium were created by a cryoprocedure. In 8 hearts, rapid pacing induced reentry around a line of functional conduction block; in 10 hearts, reentry occurred around a fixed epicardial obstacle created by a cryoprobe. The cycle lengths (CL) of functional and anatomic VT were 110±+10 and 167±17 milliseconds, respectively. During anatomic VT, the excitable gap measured 43% of the CL and premature stimuli could always reset VT (44±12 milliseconds). During early premature beats, conduction of the orthodromic wave was slightly depressed, but anatomic VT was never terminated. Reset curves at different sites in the ventricle revealed three different response types, both determined by and characterizing the spatial and temporal relation between pacing and recording sites. Prema-T he presence of a less than compensatory pause after a premature beat indicates reset of a cardiac rhythm and has been described for both normal and abnormal automaticityl2 as well as for reentry.3-6 The response to premature stimulation has gained special importance in the treatment of ventricular tachycardia (VT) after myocardial infarction,7,8 which most likely is due to reentry.9-11 In a number of studies, premature stimulation has provided evidence that during clinical VT a partially or fully excitable gap exists in the circuit. [3] [4] [5] [6] The response of VT to premature stimulation also is used to evaluate the effects of antiarrhythmic drugs on the reentrant circuit. '2-14 Although the reset response may reveal some of the conduction properties within and around the reentrant circuit,S it has not yet been determined whether clinical ventricular tachycardia is based on reentry around a functional or an anatomic barrier. Many studies have shown that the reentrant circuit after myocardial infarction comprises an area of slow conduction '5-20 and that such a segment of slow conduction influences the reset response. 21, 22 ture stimulation during functional VT revealed a local excitable gap at the pacing site measuring 27% of the cycle length of VT. However, in only 3 of 8 hearts, premature stimuli could reset functional VT by 8%. In 5 VTs, advancement of the paced activation was fully compensated by prolongation of the return cycle, and VT was not reset. Due to slow conduction both toward and inside the circuit, the paced orthodromic wave lost its prematurity already within a distance of 6 to 10 mm from the pacing site.
Conclusions Both during anatomic and functional reentry, an excitable gap is present in the reentrant circuit. Three different response curves reveal the localization of the pacing and recording sites in the circuit. Anatomic VT can always be reset by premature stimuli, whereas in 5 of 8 hearts, functional VT could not be reset. In the other 3 hearts, VT could only be reset for less than 7% to 11% of the VT interval. Therefore, it seems very unlikely that clinical VT based on functional reentry can be reset. (Circulation. 1994; 89:852-862.) Key Words * tachycardia * reentry * myocardium
All these electrophysiological studies have greatly contributed to our understanding of reset of reentrant tachycardias. However, mapping of the activation patterns of the reentrant circuit during reset has only been performed in a limited number of studies,23,24 and direct evidence of the events taking place during reset is still lacking. The goal of the present investigation was to study the response to premature stimulation by highresolution mapping in two experimental models of sustained VT in Langendorff-perfused rabbit hearts. In one model, reentry occurred around a fixed anatomic obstacle, whereas in the other model, no gross anatomic obstacle was present, and reentry occurred around a line of functional conduction block. The specific goals of our study were (1) to determine the width and nature of the excitable gap, (2) to examine whether the different types of reentry could be characterized by a typical reset response, and (3) to study the role of an area of slow conduction in the reentrant circuit in the reset response.
Methods Preparation
Eighteen Flemish Giant rabbits (3.7+0.3 kg) were used for this study. Animal preparation and handling were performed according to the guiding principles of the American Society of Physiology and approved by the Animal Investigation Committee of the University of Limburg. The rabbits were anesthetized with 0.5 mg/kg IM Hypnorm (10 mg fluanisone and 0.2 mg fentanyl/mL). After heparinization (1000 IU IV), the rabbits were killed by cervical dislocation; the heart was quickly removed, and the aorta was connected to a Langendorff perfusion system. The hearts were perfused by Tyrode Reset, ms   1  148  86±5  62±5  102±5  159±3  35±3  2  151  76±4  75±4  94±6  156±2  52±2  3  151  93±6  58±9  109±6  161±6  33±4  4  154  103±9  51±9  116±6  161±7  30±4  5  158  88±11  70±11  103±9  170±6  44±4  6  166  99±12  67±12  115±11  180±9  38+5  7 During pacing proximal to the area of slow conduction, the three different reset curves were all observed in fairly large parts of the circuit. However, if the pacing site was distal to the segment of slow conduction, the ANTI and ORTHO-1 segments were both very small (see right lower reset map). Consequently most reset curves were of the ORTHO type because the other response types remained concealed in the segment of slow conduction.
Characteristics of Reentry Around a Line of Functional Block
In the absence of a gross anatomic obstacle in the thin epicardial layer, slow pacing resulted in uniform anisotropic conduction. In the left panel of Fig 3, the activation map of the intact layer of epicardium during pacing at 500-millisecond intervals is given. From the site of stimulation the impulse propagated radially with elliptical isochrons. The long axis of the ellipse represents fast conduction parallel to the epicardial fiber orientation (66 and 71 cm/s), while along the short axis 5mV 10 milliseconds. The left activation map shows that during regular VT, the circulating wave propagated in a counterclockwise direction around a line of functional block. In this case, the premature stimulus was applied close to the left pivoting point. As can be seen from the right map (V2), the early stimulus initiated an antidromic wave that collided with the counterclockwise circulating wave at t= 15 milliseconds. In the meantime, the paced orthodromic wave restarted a new circulating wave around the same line of functional block. However, as this paced orthodromic wave turned around the right pivoting point, the line of block slightly extended in an upward direction. Despite the slight increase in path length, the paced orthodromic wave returned earlier at the site of pacing than during VT and thus reset the circuit (lower left map).
As was the case during reset of anatomic VT, the functional reentry circuit was also divided into OR-THO, ANTI, and ORTHO-1 segments. However, because of the small excitable gap, the latter two segments were always very small, and the far majority of the recording sites were located in the ORTHO segment. The lower right panel of Fig 4 shows earliest stimuli, the V2V3 interval increased slightly because of slowing of conduction and lengthening of the line of functional block, but VT was still reset by 10 milliseconds.
Failure of Reset of Functional VT
There were two different mechanisms responsible for failure of reset of VT. Figs 5 and 6 show two examples. In Fig 5, a counterclockwise VT with a cycle length of 120 milliseconds had an excitable gap of 21 milliseconds (shortest V1V2 interval, 90 milliseconds). However, even this earliest premature beat was followed by a completely compensatory pause of 141 milliseconds (top tracing). From the activation maps it can be seen that, as in Fig 4 in which VT was reset, the stimulus did initiate an antidromic wave that collided with the circulating wave at t=15 milliseconds. The stimulus also started a new orthodromic wave that restarted the reentrant VT. However, in this heart, the conduction velocity of the premature orthodromic wave was markedly depressed, as indicated by the crowding of isochrons between t=20 and t= 100 milliseconds in map V2. As a consequence, the premature impulse gradually lost its prematurity while propagating along the lower limb of the circuit. The map at the bottom gives the local intervals between V1 and V2 and shows that the V1V2 interval gradually prolonged from 99 milliseconds at the pacing site to 120 milliseconds at the opposite pivoting point. Thus, only part of the reentrant circuit was reset and the V2V3 interval at the site of pacing was fully compensatory.
Fig 6 shows a second mechanism for failure of reset of functional VT. During a functional VT with a cycle length of 120 milliseconds, the shortest coupling interval that elicited a propagated response was 79 milliseconds. Again, the resulting shortening of the V1V2 interval (84 milliseconds), however, was fully compensated by prolongation of the return cycle (V2V3= 156 milliseconds). During VT (left activation map), the impulse circulated in a clockwise direction around a line of functional block. The premature stimulus was applied at the apex, which was part of the lower limb of the circuit. At first sight, the antidromic wave appears to collide with the circulating wave while the paced orthodromic wave restarts a new VT around the same line of block (V2). However, the V1V2 interval map at the bottom Vi-S shows that this was actually not the case. Although around the pacing site the local intervals were shortened to <90 milliseconds, the V1V2 intervals at the lower limb of the reentrant circuit along the line of block remained 120 milliseconds. The premature stimulus thus failed to penetrate the reentrant circuit despite the fact that the pacing site was very close to the central line of block. This can be explained by the anisotropic properties of the ventricular myocardium. In the lower limb of the reentrant pathway, conduction was fast because it was longitudinal to the epicardial fiber axis. In contrast, in order to reach the line of block, the paced premature wave had to propagate transverse to the fiber orientation. The resulting slow conduction prevented the premature wave to short-circuit the circulating wave despite the fact that the pacing site was close to the center of the circuit, and as a result VT was not reset.
Discussion Premature Stimulation During Reentrant VT
A large number of experimental and clinical studies have shown that in the chronic phase after myocardial infarction, VT is based on reentrant excitation.9-1"'15-20 Reset of VT by premature stimulation has been used to characterize the conduction properties of the reentrant pathway. In clinical studies, a reset window of 43% of the VT cycle length was found.3-6 The reset curve usually has a flat part, which is taken as evidence for an anatomic reentrant circuit with a fully excitable gap. The prolongation of the return cycle has been explained by decremental conduction either within the reentrant pathway itself or in the tissue between the pacing site and the circuit.5 Several investigations have studied reset of reentrant VT in 4-to 6-day-old canine myocardial infarction. 15- 34 During the sharp U-turn at the pivoting points of an anisotropic circuit, the circulating wave suddenly encounters a high axial current load of the well-coupled fibers in the longitudinal limb of the circuit. Such a mismatch between the amount of generated excitatory current and the high electrotonic load at the pivoting point may result in an initial failure to activate the longitudinal limb of the circuit, and only after a certain delay, when a larger part of the circulating wave has rotated around the pivoting point, the impulse may succeed to complete its 1800 turn. Such a delay in conduction at the pivoting points will result in prolongation of the cycle length of VT, creating an excitable gap in the circuit. (3) During anisotropic reentry, the considerable differences in activation time between the cells at opposite sides of the pivoting points may result in electrotonic prolongation of the action potential. 38 The associated lengthening in refractory period at the pivoting points may create an excitable gap in all other parts of the circuit.
During reset of one of the functional VTs in the present study, the central line of functional block lengthened when the premature wave front tried to make a sharp U-turn at one of the pivoting points. This observation indicates that at the pivoting points, the safety factor for conduction is lower than in other parts of the circuit. The resulting conduction delay at the pivoting points will create a small excitable gap in the other parts of the circuit.
Importance of Localization of the Pacing and Recording Sites
Rosenthal et a16 found that in 55% of cases, reset of clinical VT was accompanied by fusion beats in the surface ECG, indicating that the pacing site was located proximal to the area of slow conduction.39'40 Absence of changes in QRS morphology during reset has been attributed to pacing distal to or within the area of slow conduction.21 In our study, the relative positions of the pacing and recording electrodes in the reentrant circuit were distinguished by three characteristic reset curves, the position of the pacing site relative to the segment of slow conduction determining the likelihood of each of these reset curves. If the pacing site was proximal to the segment of slow conduction, reset curves with either a single or a double sudden change in the reset were seen in up to 50% of the recording sites. In contrast, when the pacing site was located distal to the segment of slow conduction, more than 85% of the recording sites showed a regular ORTHO reset curve.
In a study on the reset response of clinical VT, Kay et a122 have postulated that during pacing proximal to the area of slow conduction, the electrograms recorded distal to the area of slow conduction should show a conduction time that exceeded the VT cycle length. In our study this was never observed, indicating that in clinical VTs, the area of slow conduction shows a higher degree of decremental conduction during premature beats than the area of slow anisotropic conduction in normal myocardium. This is also indicated by the observation that in clinical VTs, at least part of the reset curve is increasing22 while up to 45% of VTs can be terminated by premature stimuli.4 In our study, the return cycle during reset of anatomic VT was almost completely flat, and VT could not be terminated by premature stimulation.
Clinical Implications
Our results show that functional VT in anisotropic tissue has a small partially excitable gap. However, despite the fact that the pacing site was very close to the circuit, most functional VTs could not be reset. This was due to slowing of conduction of the premature wave in the reentrant circuit or failure to penetrate the circuit. This implies that if the excitable gap of functionally determined reentrant circuits in patients is also very small, there is almost no chance that these functional VTs can be reset, especially since pacing is usually performed outside the reentrant circuit. Several studies on the reset characteristics of clinical VT have indicated that a fully excitable gap exists in the circuit.3-5 The results of our study suggest that these clinical VTs are probably not based on a functionally determined reentrant circuit. Ventricular reentrant circuits in patients are very complex and usually comprise an area of slow conduction,17-20,41-43 which is the target for ablative therapy of VT. We found that the localization of the pacing and recording sites relative to the area of slow conduction could be identified on the basis of three typical reset curves. Recognition of these reset curves may be useful to localize the area of slow conduction in reentrant circuits in patients. However, a major limitation of our study was that all the pacing sites were located within the reentrant circuit. Since in the clinical setting, pacing is usually performed outside the circuit, the value of these three typical reset curves thus remains to be determined.
